Abstract: In this study, an integrated operation platform is proposed to study colloidal microsphere and microdroplet resonators on a chip. Via varying dielectrophoretic force induced on a specially designed concentric ring electrode, spherical optical resonators are able to be precisely controlled on their position relative to an integrated waveguide with resolution down to tens of nanometer, which is crucial to determine the coupling condition of the resonator. A solid-state polystyrene microsphere and an immersion oil droplet are demonstrated with ability to be freely operated in undercoupling, critical coupling, and overcoupling regimes. Through this platform, a metrology technique is reported to precisely measure the radius of a microdroplet by examining the resonant modes. This platform could be a useful tool to study optical resonance of spherical objects dispersed in water.
Introduction
In 1908, Mie proposed a theoretical model for studying annular optical resonators and showed a demonstration by measuring light scattering in an aerosol [1] . Since then it opened up a research field on circular or spherical optical resonators including microspheres, [2] , [3] , microdiscs, [4] , [5] micro-toroids, [6] photonic crystals [7] , and other similar structures [8] . In principle, these types of optical resonators can support infinite resonant modes periodically appearing in spectrum, which are sometimes called whispering gallery modes (WGMs). Compared with other optical resonators in micrometer scale, annular type microresonators have been investigated intensively because of their high intrinsic quality factor (Q-factor). Among them, microspheres receive a lot of attention and are widely explored since they are readily made through a high-temperature treatment process on a pre-defined structure [5] , [6] , [9] , [10] . They have been successfully applied to lasers [11] - [13] , sensors [14] - [16] , optomechanics studies [17] , [18] , all-optical switching [19] , [20] , nonlinear optics [3] , [21] , and spectroscopy [22] . However, for most microsphere resonator studies, a high-precision mechanical alignment setup is usually required to fine adjust the gap between a tapered fiber and the microsphere in order to probe the optical signal [5] , [6] . Meanwhile, it is still critical to make a perfect spherical structure and anchor the sphere to a fixed position for optical measurement. Previous studies showed using solid-state microspheres like polystyrene beads randomly dispersed on a flat substrate [23] or V-grooves [24] to characterize the WGMs, or melting a fiber tip to form a microsphere self-sustained by the fiber itself [5] , [6] , [9] , [10] . Both cases require a very highprecision multi-axis mechanical movable stage to handle tapered fibers for probing the solid-state microsphere. At the same time, liquid-phase micro-droplet cavities also sparked another research track of studying high Q-factor microsphere resonators. Nevertheless, because of the difficulties in handling the droplets and the volatile nature of liquid in the air, only a few research groups successfully measure the resonant modes of the micro-droplets. Methods including placing the micro-droplets made of pure water on a hydrophobic surface, [25] - [29] or using a structure of the silica stem to form a stable droplet-shaped resonator, [30] are currently used for observing the WGMs in micro-droplets. However, all those experiments are very critical and are difficult to be implemented on a chip.
In recent years, microsphere resonators have been considered as a new type sensor element for detecting chemical or biological substance in solution [31] - [33] . However, there is still a lack of functional platforms with capability of maneuvering the microspheres suspended in liquid and interrogating the WGMs simultaneously for sensor applications. In this research, a chip-scale photonic micro-electro-mechanical system is presented to manipulate and probe the microsphere resonators dispersed in liquid through integrated optics. The microsphere can be either in solid state or an immersion droplet only if the refractive index is larger than that of outside liquid media. Such a platform can be further integrated with a microfluidic system to be a sophisticate analysis tool for investigating the material inside, outside or coated on the microspheres.
Optical Coupling Conditions of a Microsphere Resonator
Before going deeply into the application, it is necessary to understand the intrinsic and external quality factors of each WGM, which are crucial parameters influencing the WGM interacting with the outside medium. The intrinsic quality factor, mainly affected by material absorption, surfaceroughness-induced scattering and unguided radiation of the microspheres, can be expressed as
where ω 0 and τ 0 are the resonant frequency and the energy decay time constant of a WGM, respectively. On the other hand, the external quality factor is completely dependent on the energy coupling between the resonator and waveguide. It can be expressed in a form of either the energy decay rate from the resonator to the waveguide (τ e ), or through the coupling strength (k) between the resonator and waveguide, which is given by
From time-domain coupled-mode theory [34] , the transmittance of the waveguide coupled to the microsphere resonator can be therefore written by
There are three possible coupling regimes of microsphere resonators illustrated in Fig. 1 . The first is under-coupling (Q ext > Q int ), where the intrinsic quality factor is less than the external quality factor. This coupling regime is typically applied for a low-threshold optical pump laser. The second is critical coupling (Q ext = Q int ), where the intrinsic quality factor is equal to the external. Under this condition, the waveguide power is completely transferred to the resonator. The resonator has the maximal optical energy stored inside. It has been widely exploited especially for nonlinear optics and sensing. The third is over-coupling (Q ext < Q int ), where the external quality factor is smaller than the intrinsic quality factor. In this case, the waveguide power is first coupled into the resonator and then coupled back to the waveguide to yield a phase difference. The intrinsic quality factor is determined by the resonator itself; however, the external quality factor can be modified by adjusting the coupling distance between the microsphere and the waveguide. 
A Chip-Scale Operation Platform for Manipulating and Probing a Microsphere Resonator

Overview of the Device Structure
The operational platform to manipulate and probe the microsphere resonator is shown in Fig. 2 . A long straight waveguide across the entire device (the red region in Fig. 2 ) serves as the component to excite and probe the WGMs of a microsphere resonator. The microsphere is actuated via a dielectrophoretic (DEP) force erected on two concentric ring electrodes deployed around the waveguide. Through an optimized design on the electrode dimension, only one microsphere can be brought and placed on top of the waveguide. The DEP force can be precisely controlled by an alternating-current (AC) voltage applied on the electrodes. The coupling distance thus is able to be fine-tuned to operate the microsphere in any of the coupling regimes. In this study, we use polystyrene (PS) beads and immersion oil droplets (104699, Merck) suspended in pure water as the microsphere resonator for demonstration.
Waveguide Design
To ensure that the microsphere resonator can be operated in any of the coupling regimes, the effective refractive indices of the optical waveguide and the microsphere ought to be as close as possible to accomplish phase-matched coupling. Here the operational wavelength is chosen to be around 780 nm to minimize water absorption. Because the refractive index of the microsphere at 780-nm wavelength is within the range between 1.5 and 1.6, an optical waveguide made of silicon oxynitride (SiON) is employed in this study. The refractive index of SiON has a wide tuning range (n = 1.45 ∼ 2.0) that can be engineered by controlling the ratio of reaction gases during the chemical vapor deposition process.
Next, we consider the size of microsphere. Since the index contrast between the microsphere and water is small, the radius at least should be greater than 40 μm to ignore the unwanted radiation loss and ensure that the WGM is better phase-matched with the waveguide mode. On the other hand, if the microsphere is too large, it could lead to a very small free spectrum range (FSR) of the resonant modes, which makes the WGMs difficult to be resolved. Besides, a large mode size of the WGM will greatly reduce the coupling strength, due to a smaller mode overlap between the resonator and the waveguide mode. A better size of a microsphere is around 100 μm in diameter.
A single-mode waveguide is essential to probe the WGMs of the microsphere resonator. In order to figure out whether the waveguide satisfies the single-mode condition, finite element (FEM) analysis (electromagnetic waves module in COMSOL Multiphysics) is performed to find both the optical field of the waveguide mode and the corresponding effective refractive index. An optimized waveguide dimension of the SiON waveguide is 1 μm in height and 2 μm in width to support single guided mode and has better phase matching with the WGM. A similar FEM analysis technique (weak-form PDE module in COMSOL Multiphysics) can also be utilized to find the optical field of the WGM [35] . The mode fields of the waveguide mode and the WGM at a resonant wavelength are shown in Fig. 3(b) . Next, the coupling strength between the waveguide and the microsphere for a given coupling distance can be calculated via the non-collinear coupled mode theory (CMT) [36] - [38] .
The coupling regime depends on the intrinsic and external quality factors of the microsphere. According to (2) , the external quality factor can be readily found once the coupling strength is calculated from solving the non-collinear CMT. The intrinsic quality factor, on the other hand, could vary differently even for the same type of microspheres in real applications. In accordance with our preliminary test results, the minimum values of the intrinsic quality factor for PS microspheres and immersion oil droplets are found to be about 1 × 10 5 and 3.5 × 10 4 , respectively. Fig. 3 (c) shows a simulated transmittance of a waveguide coupled to a 100 μm PS microsphere as the coupling distance varies from 0 to 800 nm. There is a zero transmittance near 125 nm, which corresponds to the microsphere operated at the critical coupling condition. Meanwhile, it indicates that by adjusting the coupling distance, the microsphere can be operated in any coupling regime.
Electrode Design
In order to control the coupling distance of the microsphere precisely, the shape and size of the electrode need to be optimized. Here, the PS microsphere diameter is assumed to be 100 μm. To capture the microsphere and stabilize it at the top of the waveguide, the electrode is patterned as two concentric circular rings. As the microsphere is placed inside the rings, the electrodes can yield an inward force to position the microsphere exactly at the center. The DEP force, for a given electrode size and bias voltage, can be calculated if the electric field in the three-dimensional (3D) space is known. In this study, the electric field is simulated through FEM analysis (electric currents module in COMSOL Multiphysics). This simulated 3D electric field is then input to the Maxwell stress tensor [39] to calculate the DEP force working on the microsphere. Fig. 4 lists the detailed simulation parameters used in the FEM analysis.
The induced DEP force is analyzed separately with regard to its horizontal and vertical components. Here, an AC voltage 1 V pp at frequency of 100 kHz is assumed to apply on the electrodes, and the center of the ring electrode is appointed as the reference to locate the microsphere position. Several sizes of electrodes are examined. The horizontal component of the calculated DEP force with respect to the microsphere location is plotted in Fig. 5 . The abscissa represents a normalized distance from the center of the ring electrodes to the microsphere divided by the averaged radius R of the concentric ring electrodes. The positive sign of the calculated force is associated with the direction to the right. A similar representation for the force to the left is defined as the value is negative. Clearly, in the vicinity of the electrode center, the microsphere tends to be attracted to the center position. Otherwise, it is pushed away from the electrode. This attraction region (the range between the dot lines marked in Fig. 5 ) depends on the size of the ring electrode as well as the diameter of the microsphere. If the radius of the ring electrode is smaller than the microsphere radius, the attraction region is relatively small and the attraction force is weak. On the other hand, if the radius of the ring electrode is very large, the microsphere is not easy to be localized exactly at the center. A rule of thumb is that the radius of the ring electrodes is 1 ∼ 1.5 times of the microsphere radius. With regard to the force along the vertical direction, since a 100 μm PS microsphere in water is subjected to a gravitational force of 26 pN, only the vertical DEP force greater than this value is able to adjust the vertical position of the microsphere. The simulated vertical component of the DEP force generated by the ring electrodes with different sizes is shown in Fig. 6 . Since the coupling distance between the microsphere and the waveguide for effective coupling is only about hundreds of nanometers, Here the separation gap is only considered from 0 (in contact) to 2 μm. In Fig. 6 , a larger electrode generally requires a larger applied voltage to overcome the gravitation force when the microsphere initially contacts on the waveguide. It is because the electric field in the vicinity of the electrode decays very fast, it is necessary to apply an even larger voltage for a larger electrode to obtain the same magnitude of force. However, as the microsphere is lifted up, the upward force keeps increasing for the case of a larger electrode. This can be explained by the fact that when the microsphere is lifted up, the microsphere and the electrode are not on the same plane and the upward force varies with the angle at which the DEP force is projected to the vertical direction. In contrast, for a smaller electrode, the distance-dependent force still dominates this angular effect, leading to a force inverse proportional to the separation gap. As a consequence, the position of the microsphere can only be regulated for the case of a small electrode. By considering both the horizontal and vertical DEP forces, electrodes are designed with radii of 40 μm, 50 μm and 60 μm to operate the microsphere with a diameter of 100 μm. As the radius of the ring electrode is 50 μm, for example, the relationship between the vertical DEP force and the separation distance at different bias voltages is shown in Fig. 7 . 
Experimental Setup and Measurement
Introduction to the Operation Platform
A high-precision control on the microsphere position along the vertical direction is the key to probe the WGMs at the critical coupling condition. The setup of the control system is shown in Fig. 8 . Since the inner and outer ring electrodes can't be crossed together and the waveguide should not be covered by metal, the actual electrode configuration is shown in Fig. 8(a) . Four independent curve electrodes (V 1 −V 4 ) are deployed evenly to form the outer ring electrode. These four electrodes should be biased at the same voltage level to keep the microsphere operated at the center. However, the contact impedances of electrical probes to each electrode could be slightly different. Therefore, variable resistors are included in each electrode circuit to compensate the deviation. Note that in addition to the ring electrodes, there are parallel electrodes alongside with the waveguide to prevent other microspheres intervening into the waveguide region. The moving trace as well as the actual position of the microsphere is real-time monitored by a microscope installed on top of the chip.
Optical Measurement Setup
For this study, a rapid wavelength sweeping (100 Cycles/s) and data acquisition system is required to characterize the waveguide transmittance. The measurement setup is shown in Fig. 9 . A tunable laser (New Focus, TLB-6310-LN) is launched into a single-mode fiber with the polarization adjusted to be perpendicular to the chip surface through an in-line polarization controller. The light is then coupled to the SiON waveguide via a lensed fiber to reduce the coupling loss. Another lensed fiber, connected to a high-speed photodetector (Thorlabs, PDA10A), is used to collect the transmitted power from the waveguide for analysis. To fast retrieve the data, the tunable laser and the photodetector are controlled synchronically by a computer program.
Operating Procedure-Microspheres Manipulation.
This section illustrates the operating procedure and show the test results of microsphere manipulation via this platform. Two types of microsphere resonators are studied here; one is 100 μm PS microspheres and the other is immersion oil droplets (104699, Merck). The approach to generate oil droplets can refer to a previous report [40] . Prior applying the microspheres on the chip, the chip surface is coated with a hydrophobic layer (CYTOP) to prevent the electrodes from direct contact with the water, which may result in a hydrolysis reaction that could damage the electrodes. Next, an appropriate amount of the microspheres in deionized (DI) water is dropped in the vicinity of the detection region. The PS microspheres or oil droplets, which have a larger density than water, are randomly scattered over the chip surface. When an AC voltage is applied to the electrodes, the horizontal DEP force will pull one of the microspheres closest to the concentric ring electrodes to the center, which is exactly above the optical waveguide. Then, we only need to adjust the intensity of the applied voltage to fine tune the coupling distance between the microsphere and the waveguide. The relevant operation steps are shown in Fig. 10 .
The test of horizontal movement of microspheres is shown in Fig. 11 . According to the operation flow described above, at the beginning, no bias is applied, and the microspheres are randomly scattered on the surface of the chip. When the applied voltage is turned on, microspheres in the vicinity of the optical waveguide, except the one nearest the ring electrode center, are expelled away from waveguide due to the repulsive DEP force generated by the two parallel electrodes alongside the waveguide. Via an optimized design on the size of the ring electrodes, only one microsphere can remain in the detect region. The other microspheres, since placed far beyond the distance of effective evanescent wave coupling, are not able to interact with the waveguide. Thus, even if a large number of microspheres are placed around the detection region initially, there will be still only Fig. 11 . Snapshots of PS microspheres manipulation: (a) immersion PS microspheres (100 μm in diameter) randomly scattered over the entire chip initially, and (b) only one PS microsphere nearest to the ring electrodes will be pushed into the center. Other microspheres around the waveguide will be pushed away by the same DEP force generated on the parallel electrode pair. The red arrows point out the movement of the microspheres around the electrodes. one which can couple with the waveguide. Selection of a specific microsphere can be accomplished if a microfluidic system is incorporated.
Transmittance Spectrum Measured on a Microsphere
In the previous section, we verify that the microsphere is able to be driven and aligned to the optical waveguide. To precisely control the coupling condition, the position of the microsphere should be fine-tuned along the vertical direction with resolution down to the nanometer scale. According to the operating procedure described in Section 4.3, as the microsphere is moved to top of the waveguide, we gradually tune the voltage until periodic transmission dips emerging on the waveguide transmittance spectrum, as shown in Fig. 12 . In this case, the microsphere is operated near the critical coupling condition. In fact, the microsphere can be operated at an arbitrary coupling regime with this platform.
Characterization of Microdroplet Resonators
Stability Test of Microdroplet Resonators
High Q-factor microsphere resonators are very sensitive to their dimension, surrounding medium and the coupling strength between the microsphere and the waveguide. In general, solid-state microspheres are relatively stable in terms of the material composition, geometry profile and size. Immersion oil droplets, on the other hand, are more volatile and easy to change in the material property and morphology. We monitor the transmittance spectra of a PS microsphere and an oil droplet both operated at the critical coupling condition for a period of time and record the time-dependent variation. Fig. 13(a) and (b) shows the variation of the resonant wavelength and transmittance, respectively. The resonant wavelength of the PS microsphere is generally stable. However, for the oil droplet, the resonant wavelength keeps blue shifted at a fixed rate, even after an hour of measurement. Such a wavelength shift may be caused by a small amount of immersion oil dissolved into the external aqueous solution. It is found that this rate of wavelength shift is related to the size of the droplet and the addition of surfactant used for producing the oil droplets. Larger droplets have a larger contact area, which in turn increases the rate of mutual dissolution. On the other hand, the surfactant will form a more stable interface between the two immiscible liquids, ideally blocking the mutual dissolution. However, this interface is vulnerable to strong optical radiation and heat that could provide sufficient kinetic energy to the surfactant molecules escaping from the interface. Fortunately, the rate of wavelength shift does not vary rapidly, so it can be regarded as a linear change over a short period (<10 min).
Tunable Coupling Regimes of Microdroplets
In this section, we demonstrate that even a microdroplet resonator can be simply controlled at any coupling regime through this platform. The measured transmittances of an oil droplet at a resonant mode with respect to difference applied voltages are plotted in Fig. 14 . When the applied voltage (V pp ) is less than 6 Volt, the transmittance power is almost unchanged (not shown in the figure), because the upward force generated by DEP is not large enough to overcome the gravitation force on the droplet. Only as the driving voltage is above the threshold value (6 Volt), the micro-droplet begins to levitate, and the coupling distance increases accordingly to alter the coupling condition. It can be seen that the microdroplet is initially operated in the over-coupling regime. When the applied voltage is increased to 6.65 Volt, the transmitted power reduces to the minimal, corresponding to the critical coupling condition. Continuously increasing the voltage will increase the transmittance, moving the system into the under-coupling regime. Here we compare the measured transmittance spectra for the three different coupling conditions, as shown in Fig. 14(b) . After fitting the measured data with the model, the external quality factors of the system are 16385, 17758, and 225086 for the applied voltages of 6.1, 6.8, and 8.2 Volt, respectively. The results show that the operation system can effectively control the coupling condition of a microdroplet resonator and successfully probe the optical signal. According to the simulated waveguide transmittance versus the coupling distance in Fig. 3(c) , we believe that the resolution of tunable distance can be down to tens of nanometer.
Measurement of Microdroplet Size
Because the resonant wavelengths of a microsphere resonator is strongly related to the size and the refractive index, therefore, as long as the resonant wavelengths are known, the radius of the microsphere can be estimated. The relation between the microsphere radius and the resonant 
where is the mode index for the azimuthal direction defined in Eq. (1), n eff is the effective index of WGM . In principle, if the resonant mode index and the measured resonant wavelength are known, the droplet radius R is determined. However, it is not straightforward to know the mode index for each WGM directly from a measured spectrum because of the mode hoping effect, which is illustrated in Fig. 15 . Here we take another strategy to find the sphere radius by measuring the free spectrum range of WGMs. The free spectrum range, define as the wavelength difference between two consecutive resonant modes, can be expressed as a function of sphere radius given by
where n g (λ ) is the group index for the th WGM. In Eq. (5), is an inexplicit number which is not necessarily required to find R. We use the oil microdroplet as an example to find its radius through measuring the FSR. The measured optical transmittance spectrum is shown in Fig. 16 . There are sixteen main dips (Fundamental TM WGMs) emerging within the range of laser sweeping (from 765.5 nm to 781.5 nm). To accurately address the FSR, we sum up the FSR of the 16 resonant modes, corresponding to the wavelength difference between the first dip (λ 1 = 765.898 nm) and the final dip (λ 16 = 779.988 nm), which is 14.09 nm in total.
On the other hand, once the refractive index of droplets is determined, we can calculate the accumulated FSR of the 16 WGMs within the laser sweeping range for a given droplet radius. Fig. 16 shows the calculation result at an ambient temperature of 25°C, where the black line is the accumulated FSR exhibiting a discontinuous function versus the droplet radius due to the mode hopping phenomenon. Note that at each segment, the FSR increases because of group velocity dispersion. However, the overall trend of FSR decreases with the size of droplet, agreeing well with the implication in Eq. (5) . By comparing the calculated and measured accumulated FSR of the 16 WGMs, we can conclude that the actual droplet radius is around 67.82 μm. The accuracy is mainly limited by the resolution of laser tuning and the temperature variation of environment. In this measurement, the laser resolution is 0.01 nm, which corresponds to an estimation error of 226 nm in size. If we assume the variation of environmental temperature is 5°C, then the total error is 316 nm. Note that in Fig. 16 (b) , the green region is the possible droplet radius that can be resolved by a commercial CCD camera. The resolution is about 1.5 μm. Therefore, by using this spectral analysis method, the accuracy can be improved by 5 times. In fact, a similar approach can be applied to find the refractive index of substance dispersed in the liquid medium or in microdroplets. For a 50-μm PSB microsphere in DI water as an example, the minimum detectable index difference is estimated to be 9.5 × 10 −5 .
Discussion and Conclusions
Colloidal microsphere resonators in an aqueous solution can be a useful tool to implement a highly sensitive chemical or biological sensor. However, to probe the optical signal, it requires an on-chip platform to precisely manipulate the microsphere in 3D space with a nanometer scale resolution. In this research, we propose an integrated system both including optical waveguides and a novel design of electrodes to generate a DEP force for controlling the position of a suspended microsphere coupled to the waveguide. The microsphere resonator can be either a solid-state dielectric sphere or a microdroplet formed by two immiscible liquids. Via a comprehensive study on the optical property of a microsphere resonator and the induced DEP force, an optimized design on the waveguide structure and the size of ring electrodes is accomplished. Tunable coupling regimes of an immersion oil droplet are demonstrated. To the best of our knowledge, this is the first report that a suspended microdroplet resonator can be freely operated at any of the coupling regimes with integrated photonic devices. Via this platform, it is feasible to systematically study the optical resonance of droplets. We present an example of measuring the droplet size by characterizing the resonant modes in spectrum. The estimation error can be down to sub-micron, which is much better than the resolution of a CCD camera image.
